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∎ INTRODUCTION
Oxidative degradation of organic ligands is a challenge faced in many synthetic systems as most oxidation catalysts require ligand environments capable of supporting reactive high-valent metal oxos.
1 Furthermore, the deactivation of high-valent metal oxos through the formation of unreactive dimeric or oligomeric µ-oxo species is an additional common challenge. 2 In heterogeneous systems, these issues are circumvented through site isolation of discrete metal oxos within inorganic matrices that function as thermodynamically stable ligand environments. 3, 4 An example of one such system is Enichem's highly efficient TS-1 oxidation catalyst, 5,6 a titanium based microporous molecular sieve in which Ti(IV) ions are isolated within an entirely silicate based framework. 7 The success of TS-1 and other industrial oxidation catalysts has driven synthetic chemists to study molecular models of heterogeneous systems. Kortz et al. have studied titanium(IV) oxo 8 and hydroxo 9 substituted polyoxometalates (POMs) as models of Ti single site catalysts due to the structural analogy of POMs and metal oxide surfaces. These oxidatively stable titanium(IV) POM complexes have served as molecular models for studying mechanisms of selective oxidation. 10 With the present work, we sought to investigate the suitability of similarly all-inorganic metaphosphate rings (cyclic oligomers of the PO − 3 anion) for stabilization of the titanyl functional group in an all-oxygen coordination environment. 2 ] 2 provides a commercially available source of the titanyl (OTi) unit that bears basic ligands potentially susceptible to protolytic replacement by the metaphosphate acids. Acetylacetone, the byproduct formed through protonation, is easily separable from the desired metaphosphate salts, making the preparation of titanyl metaphosphate complexes convenient and straightforward. were easily isolated from the acetylacetone byproduct in 70% yield after concentration of the crude reaction mixture and storage at 23 ○ C overnight. The identity of 1 was established through an X-ray diffraction study, and the solid-state structure is shown in Figure S58 (left). Figure S29 ). The doublet corresponds to the phosphorus atoms flanking the two equatorially bound oxygen atoms, and the triplet is assigned to the phosphorus bound to the axially coordinated 23 suggesting this interaction is at best a weak one and that O5 may be simply in proximity of the Ti center by virtue of being part of the trimetaphosphate ring. Consistent with multiple bonding to a terminal oxo ligand, the IR spectrum of 2 displays the Ti≡O oscillator at ν = 953 cm −1 ( Figure S11 ). This stretching frequency is 16 cm −1 lower in energy than that of 1, and consistent with the slightly longer Ti≡O distance of 2 (1.644(2) Å) compared with that of 1 (1.6252(13) Å). In contrast to 2, the position trans to the oxo ligand is vacant in dimer 1, and thus 1 should be able to maximize the Ti≡O multiple bonding in accord with both its shorter bond distance and higher energy stretching frequency. The formula of 2 was also confirmed by ESI-MS(-) with a m z value of 300. Figure S38 ). 27 Although the identity of this new species has not yet been confirmed, we propose that this product is a bimetallic titanium(IV) complex in which one of the Ti≡O units has reacted with H 2 O to form two hydroxo ligands, while the other titanyl unit of dimer 1 is preserved (O≡Ti/Ti(OH) 2 ). When an acetonitrile solution containing this species was heated to 80 ○ C under vacuum, the 31 P{ 1 H} NMR spectrum of the resulting residue shows resonances corresponding to dimer 1, revealing the reversibility of the aquation reaction ( Figure S43 ). When a solution of 1 with excess water was allowed to stand at 23 ○ C for 12 h, complete conversion of the initial species to a new product was observed (Figure S40 ).
To gain more insight into the identity of these products, a reaction was carried out using 17 29 respectively, and are in line with our assignment of this species as the mixed O≡Ti/Ti(OH) 2 bistetrametaphosphate complex. When a sample was permitted to age for 12 h, these resonances were observed to decrease in intensity with new signals appearing at δ 758 and 566 ppm ( Figure S42 ). These new signals are found within the region expected for Ti(IV) µ 2 -O (650-850 ppm) and µ 3 -O bridged species (450-600 ppm), 30 suggesting that after an extended period of time in the presence of a large excess of H 2 O, dimer 1 is converted to µ-oxo bridged oligomers.
Complex 2 exhibits similar behavior to dimer 1 in being air stable in both the solid state, and in solution. In contrast to 1, however, 2 is stable to excess water as judged by the unchanged 31 P NMR spectrum when a sample was left to stand in the presence of water (ca. 200 equiv) over the course of 24 h in acetonitrile ( Figure S30 ). The water stability of 2 afforded the opportunity to study the titanyl oxygen exchange with 17 The formation of 1 and 2 from [OTi(acac) 2 ] 2 is noteworthy in illustrating that the tri-and tetrametaphosphates are capable of breaking up the titanium(IV) bis-µ-oxo core of [OTi(acac) 2 ] 2 to result in the formation of terminal Ti≡O units. Titanium(IV) oxo species are typically susceptible to hydrolysis in the presence of moist air as they have the propensity to dimerize and oligomerize forming unreactive species containing Ti-O-Ti linkages, 3, 29 respectively. When UHP was used as the peroxide source (Scheme 3), the reaction was complete within 10 min, while the corresponding reaction with Me 3 SiOOSiMe 3 was much more sluggish and required 12 h for completion. Both reactions were monitored with 31 P NMR spectroscopy wherein progress was associated with growth in of a singlet at δ -28.13 ppm ( Figure S15 ). Additionally, the reaction was followed by UV-Vis spectroscopy by noting the appearance and growth of the absorption located at λ max = 379 nm ( Figure S20 ). The product was isolated (61% yield) as orange blocks obtained by layering diethyl ether onto an acetonitrile solution of the complex. An X-ray diffraction study confirmed the identity of this product as a peroxotitanium(IV) κ 2 tetrametaphosphate dimer vibration at 969 cm −1 in the IR spectrum of 1 is absent in the spectrum of 3, and a new stretch attributed to the peroxo O-O vibration is located at 856 cm −1 ( Figure S18 ), and is consistent with a side-on η 2 coordination mode. 45 The strong absorption at λ max = 379 nm in the UV-Vis spectrum of 3 is assigned to the pπ (O 2 )→dπ (Ti) ligand to metal charge-transfer (LMCT) transition, 46 and compares well with other LMCT bands that have been observed for similar peroxotitanium(IV) complexes. [45] [46] [47] Like 1, dimer 3 is air stable in both the solid state and in solution.
When the reaction of 1 with UHP was monitored by 31 P NMR spectroscopy at 5 ○ C in acetonitrile, an intermediate evincing an Figure 5 ), which was isolated in 65% yield after crystallization. 4 is characterized by a sharp singlet in its 31 distances of 1.850(4), 1.823(5), and 1.443(6) Å, respectively. Examples of molecular peroxotitanium(IV) complexes that serve as oxidants towards organic substrates 46 are rare due to the well documented stability of the titanium-peroxo structural unit, and therefore its corresponding lack of oxidizing capacity. 6, 48 It is instead believed that titanium(IV) hydroperoxo species play the active role in substrate oxidation within heterogeneous systems, 10, 43, 49 and therefore the preparation of well-defined titanium hydroperoxo complexes has been targeted by synthetic chemists. 50 We were unable to observe a stable titanium(IV) hydroperoxo complex, and 1 and 2 did not show any signs of catalytic activity toward organic substrates in the presence of H 2 O 2 (See Section 13 in the Supporting Information for experimental details). Both results are likely due to the rapid conversion of 1 and 2 to 3 and 4, respectively, upon addition of H 2 O 2 without a long-lived hydroperoxo intermediate for interception by a substrate. No reaction was observed when 3 and 4 were independently treated with substrates relevant to TS-1 oxidation processes such as diphenylmethanol, phenol, and cyclooctene (See Section 14 in the Supporting Information for experimental details).
7, 43 These results are consistent with the lack of catalytic activity observed for 1 and 2 in the presence of H 2 O 2 .
3
a P(OMe) 3 We did, however, test the ability of 3 and 4 to behave as stoichiometric oxidants towards phosphorus(III) compounds and sulfides. Treatment of 3 with P(OMe) 3 , PPh 3 and SMe 2 at ambient temperature resulted in the formation of the corresponding organic oxide as well as clean regeneration of 1 as determined by 31 are externally referenced to D 2 O (δ 0.0 ppm). NMR spectra were simulated using the program gNMR version 5.1. ESI-MS(-) data were obtained on a Waters Q-TOF micro mass spectrometer using a source temperature of 100 ○ C and a desolvation temperature of 150 ○ C. Mass spectrometry samples were run in neat acetonitrile at concentrations < 1 µM, and the data were processed using the program mMass Version 5.4.1. UV-Vis spectra were collected on an Ocean Optics USB4000 spectrophotometer with a DT-Mini-2GS UV-vis-NIR light source. Elemental analyses were performed by Robertson Microlit Laboratories, Inc (http://www.robertsonmicrolit.com). X-ray crystallographic details are provided in Section 15.1 of the Supporting Information.
[ .00 eq) in acetone (7 mL) was added [OTi(acac) 2 ] 2 (72 mg, 0.14 mmol, 0.55 eq) as a solid. MeCN (10 mL) was added dropwise until a homogeneous solution was obtained. The pale yellow reaction mixture was allowed to stir at room temperature (23 ○ C) for a total of 12 h, at which point the mixture was filtered through a pad of Celite to remove unreacted [OTi(acac) 2 ] 2 . The filtrate was concentrated to ca. 3 mL under vacuum, during which time colorless crystals formed on the bottom and sides of the vial. The pale yellow supernatant was removed, and the colorless crystals were washed with acetone (2 mL), and dried under reduced pressure. The supernatant was allowed to stand at room temperature for an additional 24 h to allow a second crop of crystals to grow. These crystals were isolated, washed with acetone (2 mL), and dried under reduced pressure. was added urea hydrogen peroxide (10 mg, 0.11 mmol, 2.4 eq) as a solid. The color of the solution turned orange immediately upon addition. The reaction mixture was allowed to stir at ambient temperature for a total of 10 min, at which point the orange solution was filtered through a pad of Celite to remove the urea byproduct. The orange solution was then concentrated to ca. 0.5 mL. Et 2 O (5 mL) was then added until the solution became cloudy. The resulting orange solution was then filtered through a piece of microfiber filter paper and the filtrate was allowed to stand at 23 ○ C for 12 h, during which time large diffraction quality orange crystals grew. 2 [2] (100 mg, 0.0677 mmol, 1.00 eq) was added a solution of 30% H 2 O 2 (10 µL, 0.098 mmol, 1.4 eq) via 10 µL syringe. The color of the solution immediately changed from colorless to bright orange upon complete addition. The orange solution was allowed to stir at ambient temperature for a total of 10 min, at which point all volatiles were removed under reduced pressure. The resulting orange residue was triturated with THF (5 mL), and then the THF was subsequently decanted away from the orange solids. The solids were then dissolved in MeCN (1 mL), and then Et 2 O (3 mL) was added until the solution became cloudy. The orange solution was then filtered through a piece of microfiber filter paper and allowed to stand at ambient temperature (23 ○ C).
Large diffraction quality orange crystals grew over the course of 12 h. The pale orange mother liquor was removed and the crystals were dried under reduced pressure to afford analytically pure [3] (100 mg, 0.0677 mmol, 1.00 eq) in MeCN (5 mL) was added (SiMe 3 ) 2 O 2 (22 µL, 0.10 mmol, 1.5 eq) via 50 µL microsyringe. The color of the solution gradually changed from colorless to bright orange over the course of 12 h, at which point the reaction mixture was concentrated to ca. 1 mL. 
